The topographic evolution of the "passive" margins of the North Atlantic during the last 65 Myr is the subject of extensive debate due to inherent limitations of the geological, geomorphological and geophysical methods used for studies of uplift and subsidence. We have compiled a database of sign, time and amplitude (where possible) of topographic changes in the North Atlantic region during the Cenozoic (65-0 Ma). Our compilation is based on published results from reflection seismic studies, AFT (apatite fission track) studies, VR (vitrinite reflectance) trends, maximum burial, sediment supply studies, mass balance calculations and extrapolation of seismic profiles to onshore geomorphological features. The integration of about 200 published results reveal a clear pattern of topographic changes in the North Atlantic region during the Cenozoic: (1) The first major phase of Cenozoic regional uplift occurred in the late Palaeocene-early Eocene (ca 60-50 Ma), probably related to the break-up of the North Atlantic between Europe and Greenland, as indicated by the northward propagation of uplift. It was preceded by middle Palaeocene uplift and overdeepening of some basins of the North Sea and the surrounding areas. (2) A regional increase in subsidence in the offshore marginal areas of Norway, the northern North Sea, the northern British Isles and west Greenland took place in the Eocene (ca 57-35 Ma). (3) The Oligocene and Miocene (35-5 Ma) were characterized by regional tectonic quiescence, with only localised uplift, probably related to changes in plate dynamics. (4) The second major phase of regional uplift that affected all marginal areas of the North Atlantic occurred in the Plio-Pleistocene (5-0 Ma). Its amplitude was enhanced by erosion-driven glacio-isostatic compensation. Despite inconclusive evidence, this phase is likely to be ongoing at present.
Introduction and evolution of ideas
The "passive" margins of the North Atlantic ( Fig. 1) are often considered to have been relatively tectonically quiescent since the termination of active faulting, rifting and magmatism, which occurred as Greenland separated from NW Europe in the late Palaeocene-early Eocene. The origin, or alternatively the persistence, of the asymmetric mountain ranges around the margins of the North Atlantic has puzzled researchers for decades. Several conspicuous geological features indicate the possibility of Cenozoic regional uplift; e.g. elevated plateaus, large Tertiary progradational sedimentary wedges, shifts in sediment transport routes, and the offshore tilt of the Tertiary sedimentary package (Brugge et al., 1984; Bremmer, 1985; Jensen and Schmidt, 1992; Sørensen et al., 1997; Riis, 1996; Chalmers, 2000; Lidmar-Bergström and Näslund, 2002; Dahlgren et al., 2005; Stoker et al., 2005c) . Other theories suggest these features arose from an interaction of climate, erosion and isostasy. It has been suggested that the present elevation is the result of continuous isostatically supported lowering of topography since the Caledonian (Nielsen et al., 2009) . There is ongoing debate about the Cenozoic history of uplift, erosion and exhumation of the North Atlantic margins as well as subsidence of the surrounding offshore basins and their relation to climatic change, eustatic sea-level variations and tectonic events. Understanding of the origin of the topographic changes requires knowledge of their timing and amplitude.
The 'stretching and cooling' model by McKenzie (1978) successfully explains the decaying rate of subsidence in rifted settings, and has become a standard model for the tectonic evolution of Atlantic type margins . However, not all "passive" margins follow this model. In some areas subsidence rate significantly deviates from this predicted behaviour (Royden and Keen, 1980) . Such areas are throughout this paper termed as areas of "anomalous subsidence". At the eastern US margin, periods of slow subsidence or uplift, lasting as long as 20-30 Ma, were interrupted by several shorter episodes of very rapid subsidence, which could together account for as much as 50-95% of the total post-rift subsidence (Heller et al., 1982) . This stepwise subsidence pattern was also noted at the margins of Greenland and around NW Europe (Cloetingh et al., 1990; Joy, 1992; Vejbaek, 1992; Hall and White, 1994) . In some places the timing of anomalous subsidence is correlated with the timing of proposed uplift events (Poag and Sevon, 1989; Japsen and Chalmers, 2000; Doré et al., 2002) .
The Fennoscandian uplift was first mentioned as early as 1621 in a discourse by the Bishop of Åbo (Mörner, 1977) . In 1810 Von Buch, a natural historian, commented on the raised beaches of the Norwegian coast and the apparent gradual emergence of the land (c.f. Gabrielsen and Doré, 1991) . In his historic book, Principles of Geology, Charles Lyell (1835) also commented on the slow emergence of Fennoscandia from the sea. The idea of a more significant uplift event was proposed by Beete-Jukes (1872) on observation of the raised 'table-land' of Norway. The early debate centred around this peneplain as representing an erosional surface reduced to base level, which is now located several hundred metres above the sea-level (Gjessing, 1967) . This surface is deeply modified by erosion and incision and was named the Paleic surface (Reusch, 1901) or the Paleic relief, given its composition of several surfaces separated by distinct steps (Lidmar-Bergström and Näslund, 2002) . The first tentative age estimate was given by Gregory in 1913 (c.f. Gabrielsen and Doré, 1991) who proposed that the surface was formed in the early Cenozoic and that uplift occurred in the late Miocene or Pliocene. Similar surfaces are found on the British Isles, in Greenland and on the Labrador Peninsula (Ambrose, 1964; George, 1966; Bonow et al., 2006a) . Recently, however, it has been suggested that these surfaces can be formed at high altitude, through processes such as the 'glacial buzzsaw effect' and "sanding" by periglacial processes (Mitchell and Montgomery, 2006; Nielsen et al., 2009) .
While early studies of surface uplift were based on geomorphic analysis, later studies included data from a number of methods, e.g .   91  91  91  91  92  92  93  93  93  93  94  94  94  94  96  96  97  97  97  98  99 reflection seismic studies, apatite fission track (AFT) studies, vitrinite reflectance (VR) trends, maximum burial studies, sediment supply studies, mass balance calculations and extrapolation of seismic profiles to onshore geomorphological features. All of these methods have limitations in applicability and are subject to a certain degree of error and uncertainty. Recent studies have focused on minimizing the uncertainty by using multi-technique approaches (e.g. Christiansen et al., 1992; Nyland et al., 1992; Clausen et al., 2000; Evans et al., 2000; Japsen et al., 2005 Japsen et al., , 2007 .
Several literature compilations indicate that there is substantial evidence for a widespread regional uplift around the North Atlantic margins (NAMs) during the Cenozoic (e.g. Stuevold and Eldholm, 1996; Japsen and Chalmers, 2000; Doré et al., 2002; Praeg et al., 2005) . Although the idea of Cenozoic uplift has gained widespread acceptance, its timing and magnitude, and therefore the underlying geodynamic causes, are still poorly constrained. Changes in climate, eustatic sea-level and glaciation may strongly affect the perception of uplift and subsidence by their effect on the rate of erosion (Fig. 2) . Molnar and England (1990) suggest that the effect of climatic change may explain many features indicative of uplift. They propose that climate change causes perturbations of humidity, vegetative cover and precipitation, while uplift of the summit envelope occurs through isostatic response to erosion. As such a tectonic component of uplift is not necessarily needed. However, Lidmar-Bergström et al. (2000) argue that the Norwegian margin shows many of the same geomorphological tectonic characteristics as unglaciated margins in Australia, Africa and India. The idea that the present relief of Norway is the result of both glacio-isostatic rebound and a second, less well understood tectonic component, was presented by Mörner (1977) and was later supported by several other authors (e.g. Doré, 1992; Riis and Fjeldskaar, 1992; Vågnes et al., 1992; Fjeldskaar et al., 2000) . It is still debated, however, whether processes beyond those of climate, erosion and isostasy, need to be invoked to explain the topography (Nielsen et al., 2009) . However, to sustain topography for extensive periods of time requires a large crustal root. Recent studies show that the northern and southern Scandes are supported not by a root, but by low-density material in the mantle or dynamic support from the mantle (Ebbing, 2007; Stratford et al., in press) .
In the present study we review the existing studies of topographic evolution to better understand the main features of the Cenozoic evolution of the NAMs. The main focus has been on mapping the parameters of uplift; several subsidence studies are also included into the analysis. However, our subsidence analysis is constrained less reliably than uplift events since the difference between increased subsidence induced by excess sediment loading and unexplained anomalous subsidence departing from predicted behaviour is often poorly constrained and thus, absence of anomalous subsidence does not necessarily indicate that no anomalous subsidence occurred. Fig. 2 . The geodynamic system of feedback loops, after Ruddiman (1997) . Lundin (2002) . Further references : Ziegler (1988 : Ziegler ( , 1990 , and Coward et al. (2003) .
Causes of uplift and subsidence

Global uplift
Much evidence supports a late Neogene global uplift in plate interiors and at passive margins as well as at active collision zones (for example; de Sitter, 1952; McKee and McKee, 1972; Smith and Simpson, 1972; Curray and Moore, 1973; Ho, 1986; Powell, 1986; Benjamin et al., 1987; Behrendt and Cooper, 1991; Harrison et al., 1992; Kennan et al., 1997; Li et al., 1998; Owen et al., 1999; Coltorti and Ollier, 2000; Coltorti and Peruccini, 2000; Tippet and Hovius, 2000; Zheng et al., 2000; Farley et al., 2001; Mikhailov et al., 2002; Strecker et al., 2003; Gani and Gani, 2007) . Few mechanisms are proposed that can explain global uplift. Lithgow-Bertollini and Gurnis (1997) suggest that much subsidence and uplift of continents during the Cenozoic is the result of dynamic topography generated by mantle flow -changes in spreading direction, initiation and cessation of subduction, even on a local scale -can alter the global patterns in mantle flow.
The Cenozoic uplift and climate change paradox
It is an enigma why Neogene uplift has been observed globally (Hay et al., 2002) . The evidence is ambiguous and estimates of palaeoelevations vary depending on the method applied. One of the main indicators of uplift is sudden influx of clastic sediments to offshore basins, which has occurred worldwide in the Cenozoic (c.f. Peizhen et al., 2001; Dahlgren et al., 2005) . It is debated whether this provides compelling evidence for a response to climatic change that has created the illusion of uplift, or whether a global tectonic effect induced rise of mountain ranges planet-wide, which itself was the main cause of the climatic change.
The extensive climatic change appears well documented whereas the evidence for uplift may be ambiguous. Some authors are sceptical regarding the origin and possibility of a global tectonic uplift mechanism . However, others discuss what initiated the climate change if uplift did not.
The early ideas, dating back to the 1800s, of Cenozoic uplift and rejuvenation of uplift of mountain ranges such as the Alps, Atlas, Appalachians, Pyrenees, Andes and Hoggar Range in Sahara are summarised by Hay et al. (2002) . Unambiguous evidence that there has been uplift during the Cenozoic exists, such as observations of Cretaceous marine sediments in the Alpine-Himalayan mountain belt and the Tibetan plateau (Ruddiman, 1997) . However, later studies have proposed a very young uplift in many areas of the world dating around the late Miocene and Plio-Pleistocene.
Is uplift an illusion?
According to Molnar and England (1990) the Cenozoic uplift is an 'illusion': the only uplift that has occurred is isostatic response to erosion and dissection of the surface. One of the main problems with the enigmatic Cenozoic uplift vs. climate change paradox is that the Earth is a system in which most factors interact in complex interrelations and feedback loops. Physical weathering and erosion induce isostatic rebound and isostatic rebound induces more physical weathering and erosion . However, other key factors may also influence each other, and initiate a feedback loop (Fig. 2) (Ruddiman, 1997) .
The main evidence for uplift may be the direct impact of climatic change . The elevated plateaus may result from deep climate-driven erosion and incision with subsequent isostatic compensation. Calculations reveal that as much as 800 m (ca 25%) of uplift of the summits of the Alps could be due to isostatic rebound . A similar value is corroborated for Norway . In the Barents Sea, glacially driven erosion and isostatic compensation can account for all the uplift in the SW part, however, a tectonic component inducing uplift of the order of 1000 m is required to explain uplift in the NW Barents Sea and around Svalbard (Vågnes et al., 1992) .
Increased rates of sediment influx offshore may be the result of increased denudation rates. Molnar and England (1990) argue that exhumation is not necessarily an indication of uplift since accelerated denudation has been observed far from mountain ranges. However, other factors remaining constant, reduced air temperatures and precipitation caused by near-surface cooling could have reduced erosion rates and therefore may not explain the increased denudation rate in the late Cenozoic (Hay et al., 2002) .
Most authors agree that sea-level was at a maximum in midCretaceous time and that it has decreased since then by ca 200-250 m (Haq et al., 1987; Miller et al., 2005) . This fall exposed the margins around sedimentary basins which resulted in erosion and isostatic adjustment. Sea-level changes resulting from glaciation and deglaciation could have caused erosion of large amounts of sediment. Lowering the sea-level by 100 m may lead to as much as 400-600 m of erosion. Cyclic repetition could account for the increase in sediment yield, although sea-level high-stands were not long enough to re-supply the shelves with sufficient sediment (Hay and Southam, 1977) . Modelling suggests that erosion and isostatic adjustment after a sea-level fall of 250 m could remove as much as 500 m of sediment .
Palaeobotanical evidence is also used as an indicator of uplift. However, regional changes in air temperature, and changes in temperature induced by uplift, cannot be distinguished from each other . A 6-9°C change in temperature since 15-5 Ma could yield an erroneous estimate of 1000-1500 m uplift from palaeobotanical evidence .
Climatic change can be driven by many other factors than uplift, such as variations in solar emissivity, changes in concentration of dust in space, Milankovitch orbital motions, continental drift, changes in ocean circulation, changes in ice cover of the sea, variations in atmospheric greenhouse gas concentrations, increased aerosol content of the atmosphere, polar stratospheric clouds and polar vegetation (c.f. Hay et al., 2002) . The uncertainty in estimation of exhumation may be larger than any change in surface elevation, and the rates of surface displacement and exhumation may not necessarily have the same sign ).
Regional and local uplift and subsidence
Several different mechanisms can account for uplift on a regional scale (see review by Ollier, 1985) . Many mechanisms are associated with thickening of the crust and intrusions which leads to changes in average crustal density and to isostatic compensation. These processes occur extensively at plate tectonic collision zones where they create most of the highest topography on Earth. Several mechanisms, including both tectonically passive and active, may provide an explanation of uplift at passive margins and in continent interiors.
Mantle plumes are believed to generate regional uplift via dynamic support of the hot buoyant mantle (Lithgow-Bertelloni and Silver, 1998), and buoyancy generated by heating and thermal expansion of the lithosphere and lithospheric melting of its lower part (Artemieva,1989) , as well as permanent isostatic uplift from magmatic underplating. The emplacement of magma in the crust leads to an uplift on the order of 10% of the thickness of the underplated materiel (Maclennan and Lovell, 2002) , though uplift will only occur if the material is less dense than the mantle. An increase in density by magma solidification leads to overall subsidence on the order of half the original uplift, followed by further subsidence resulting from cooling of the lithosphere (Hamdani et al., 1996; Maclennan and Lovell, 2002) . The loss of a part of the mantle lithosphere by lithospheric delamination, or basal lithosphere erosion, has been proposed as the mechanism behind sudden uplift of the Colorado Plateau (Bird, 1979) , the Himalayas (Houseman et al., 1981) and the Tien Shan (Artemieva and Gliko, 1986 ).
Permanent and transient uplift along the shoulders of rifts, (riftflank uplift), has been observed globally. This fixture is attributed to thermal and dynamic uplift, flexure and necking of the lithosphere, accretion of material lighter than the crust, low-density mantle beneath the rift and isostatic balancing (McKenzie, 1984; Buck, 1986; Braun and Beaumont, 1989; Chéry et al., 1992) . The margins offshore the North Atlantic witnessed several extensive rifting episodes prior to break-up, which may have enhanced topography prior to the Cenozoic. Modelling has shown that flow in the lower crust can preserve uplifted rift shoulders for 1-50 Ma (Burov and Poliakov, 2001) .
Passive erosion results in the lowering of the average topography but as proposed by several authors Riis and Fjeldskaar, 1992; Gilchrest et al., 1994) it may also result in a substantial isostatic rise in the height of the summit envelope as a response to the removal of mass in the valleys and lows between the peaks. Phase changes are also proposed to generate uplift via volumetric increase (c.f. McGetchin et al., 1980; Riis and Fjeldskaar, 1992) .
Uplift can be driven by intraplate stress which generates anticlinal features and may cause inversion of basins. Inversion is a process whereby a previously subsiding basin experiences a reversal of movement. On the other hand, increased stress can also generate an increase in the rate of subsidence of basins (Cloetingh et al., 1990 (Cloetingh et al., , 1999 Marotta et al., 2001 Marotta et al., , 2002 .
Techniques for estimating amount and timing of vertical movements
A variety of methods are applied for studying and constraining the timing and magnitude of vertical movement (Table 1 ). In the following we summarise the most common approaches to assessing uplift, erosion and deviations in rate from predicted subsidence patterns. Main difficulty is in establishing "normal" trends from which to analyse. Compaction can be slowed by overpressure which leads to underestimation. Factors other than burial influence velocity, for example mineralogical composition, bulk sediment porosity, water saltiness, temperature and pressure. Postexhumation burial will mask magnitude of missing overburden Cosmogenic nuclide techniques (in situ and in sediment)
Can be used to reconstruct the timing and rates of landscape change. Provides a link between offshore patterns of sedimentation and onshore reconstructions.
Rate of production varies with altitude and latitude and appropriate corrections need to be made. Other variables affecting the rate include shielding from surrounding terrain, geometry of sample sight and erosion and burial (or cover by glaciers) of area. Many glaciated margins have a complex history of burial and re-exposure which is difficult to unravel. Cosmogenic radionuclides decay and use of them is limited by their half-lives. Rates of erosion are based on models with various assumptions, such as steady state erosion, homogenous quartz distribution, thorough sediment mixing.
Geomorphological analysis
Landform analysis is an attractive method for studying topographic changes given that there is plentiful data. The approach relies on identification of peneplains which are considered to be uplifted erosion surfaces. However, the method neither provides quantitative measures of erosion and denudation nor accurately constrains the timing . The problem is particularly severe where the basement is exposed and the geological record of hundreds of millions of years is missing . The usefulness of erosion surfaces as markers of uplift has long been debated (Summerfield, 2000) . Bonow et al. (2006b) stress that "absence of evidence is not evidence of absence" and that landform analysis can be a useful tool, especially for correlation with independent data sets. In particular the method can be used to complement stratigraphic and geophysical data (Lidmar-Bergström et al., 2000; Doré et al., 2002) .
Seismic stratigraphic interpretation
A tectonically induced increase in elevation will under, most conditions, increase the sediment yield into the bordering basins (Rasmussen, 2004) . However, it is difficult to differentiate tectonic pulses from increased erosion caused by an eustatic sea-level change or by a change in climate. Neither does stratigraphic mapping in itself fully constrain the location of the source of material (Japsen and Chalmers, 2000) . Sediment influx can overprint the eustatic record since high sediment yield can lead to regression of the shoreline, even during a rise in sea-level (Rasmussen, 2004) , thus introducing uncertainty to the stratigraphic interpretation. Hiatus in the stratigraphic record may represent periods of both stable non-deposition and erosion, in which case the stratigraphic record is incomplete . Bond et al. (2007) point out that the main source of error might lie in the hands of the interpreter due to the "conceptual uncertainty" of interpretation.
Extrapolation from seismic profiles to onshore geomorphological features
Extrapolation from seismic profiles onto land is very useful for constraining the timing of uplift events. Base unconformities of large progradational sequences are extrapolated to peneplains onshore. This is done under the assumption that stable conditions onshore prior to uplift will create an erosion surface (peneplain) and the uplift itself will generate the prograding wedges offshore. An unconformity marks the early onset of an event. However, the interpretation is often uncertain as several solutions may be possible and often there is little information available to constrain the extrapolations over great distances . Geological events such as faulting, fracturing, uplift, folding, inversion, subsidence etc. will further distort the constraints of extrapolation.
Mass balance calculations
Mass balance calculations involve cross-checking if onshore estimates of erosion match offshore sediment deposition . The calculations are based on three components: the amount of denudation from sediment source or catchment area, the mass of sediment accumulated in offshore basins and the loss of material through solution . By using the inverse of present erosion equations and adjusting for isostasy, sea-level changes, sediment compaction, and thermal subsidence the system may be reconstructed . Quantification of loss of mass from the system depends on the type of rock being eroded: typically there is a variety of possible lithologies leading to uncertainty concerning the composition of mineralogy of rocks in a system . Commonly sediment mass is found to be smaller than the estimated onshore denudation because some sediment may remain unidentified. On the contrary, a larger amount of sediment than the estimated onshore denudation is found if additional unidentified sources have supplied sediment into the studied area .
It is often uncertain if an increased sedimentation flux can be directly related to uplift, because other factors -e.g. climate, vegetation cover, sea-level change -also govern denudation rates. Provenance studies may identify the source area for sediments and thereby provide evidence for the location of uplift. However, increases in sediment influx on a global scale might indicate a global control on erosion.
3.5. Thermal history studies -AFT studies and VR 3.5.1. AFT (apatite fission track) studies Fission tracks are radiation damage traces in crystal lattices. They are formed by disrupted atoms caused by radiation from spontaneous fission of, almost exclusively, 238 U, given the long fission half-lives of other radioactive heavy isotopes (Gallagher et al., 1998) . Fission tracks form continuously over time but observation requires a sufficient concentration of uranium. Therefore minerals such as apatite, zircon and titanite (sphene) are commonly used for fission track analysis, although the annealing characteristics of titanite and zircon are less constrained than those of apatite (Gallagher et al., 1998) . The areal density of tracks depends on the uranium content in the grain, the time over which tracks accumulated, and on the length of the tracks (Green, 2002) . Furthermore bulk background radioactivity of the upper crust can further complicate AFT interpretations . The length of the tracks depends on the temperature. At high temperatures, fission tracks are annealed by shortening and 'healing' (Skagen, 1992) . However, in a fairly well constrained temperature interval called the partial annealing zone (PAZ) the tracks will shorten at a rate which depends on temperature. The PAZ of apatite is ∼ 60°C to 120°C (Hendriks et al., 2007) . Fission tracks may, however, also anneal at room temperature (Donelick et al., 1990; Vrolijk et al., 1992) , and the range of the PAZ depends, to some degree, on the mineral composition Carlson et al., 1999; Barbarand et al., 2003) . Tracks are effectively "frozen" at the length they have attained when temperature drops below the PAZ, since the process of partial annealing is irreversible.
The distribution of track lengths in a mineral can be analysed to reconstruct its thermal history (Hendriks et al., 2007) . Uniform slow cooling will show a broad negatively skewed length distribution, while a bimodal distribution is indicative of a two-stage history involving partial annealing via a discrete thermal event . The mean length of the short components of tracks reflects the maximum palaeotemperature. Samples that reach palaeotemperatures above the maximum limit of the PAZ can only provide a minimum for the maximum palaeotemperature (Green, 2002) .
Studies of AFT do not provide a direct measure of uplift. They are, instead, a tool to construct the thermal history of a sample. The thermal history is derived by modelling measured AFT parameters (fission track age and track length distribution) through varying thermal history scenarios until a consistent fit is found. The thermal history may not always be a direct measure of erosion and exhumation through uplift. It can be affected by thermal changes induced by local intrusion and hydrothermal effects along with variations in sedimentary cover or bedrock cover not related to uplift and erosion.
VR -vitrinite reflectance profiles
The reflectance of vitrinite (an organic component of coal) increases with temperature and the duration of heating. This process is irreversible such that vitrinite will retain a record of its timeintegrated temperature evolution. Extrapolation of trend-lines to known values directly provides a magnitude of net uplift (Skagen, 1992) and with reliable vitrinite data the method is thought to be accurate to within 200 m (Skagen, 1992) . However, vitrinite is a single parameter technique and suppression of vitrinite, caving and reworked organic material, increases the uncertainty. Unconformities can also create uncertainty in vitrinite analysis due to change in lithology and depositional environments (c.f. Ronald et al., 1995) . Like AFT analysis, VR is a thermal parameter, which is affected by local thermal alterations and hydrothermal effects.
Compaction studies
Sonic velocity increases as the porosity of a sediment decreases by deeper burial and cementation. It is a process which is considered irreversible. Compaction studies are based on comparison to normal velocity-depth curves in order to make estimates of removed overburden. These normal trend curves are constructed from well data in areas considered not to have been moderated (Bulat and Stoker, 1987) . 'Burial anomaly' is the difference between the present depth of the rock and the normalized depth corresponding to normal compaction which is assessed from the velocity-depth curve (Japsen, 1998) . The burial anomaly is zero for normally compacted sediments. Negative burial anomaly indicates over-compaction which may be due to reduction of burial depth (erosion or exhumation). However, other factors also influence sonic velocity (Bulat and Stoker, 1987) and post-exhumation burial will mask the magnitude of missing overburden. Positive burial anomalies leading to estimates of undercompaction arise as a result of overpressure, when pore fluids are sealed into the formation and are unable to escape at the same rate as the loading (Artemieva, 1996) . Reliable burial anomalies should agree with other estimates of erosion where a section in the stratigraphic record is missing.
Cosmogenic nuclide techniques
The use of analysis of cosmogenic nuclides in looking at uplift problematics is relatively new. The main idea is to constrain changes in erosion rates. Cosmogenic nuclides, among others 3 He, 10 Be, 26 Al and 21 Ne, are produced in the near-surface by reactions with cosmicrays (Lal and Peters, 1967) and the amount decays exponentially with depth. The rate of production varies with latitude and altitude, but other variables such as shielding from surrounding terrain, geometry of sight, burial and glacial cover of area also have an effect (Lal, 1991) . The concentration of nuclides increases with prolonged exposure and can be calculated using rates of production. Analysis of in situ nuclides thus provides a tool for dating the exposure of a surface and the rate of erosion of an area.
Analysis can also be done of cosmogenic nuclides in sediment. High concentrations imply long exposure and slow erosion rates, while low concentrations imply rapid erosion with little surface exposure. The obtained results are modelled to interpret the rates of erosion (Bierman and Steig, 1996) .
Subsidence analysis, backstripping
Backstripping is the main method for the determination of subsidence patterns which deviate from predicted curves, generally based on the 'stretching and cooling' model by McKenzie (1978) . The stratigraphic record provides a quantitative estimate of the depth of the top of the basement in the absence of water and sediment loading. This depth is a measure of the tectonic driving forces. Backstripping is based on isostatic compensation, most often assuming local isostasy, though sometimes attempting to incorporate flexural rigidity (Steckler and Watts, 1978; Watts et al., 1982; Roberts et al., 1997) . Problems with backstripping include uncertainties in palaeo-bathymetry and taking into account the full complexity of the mechanical properties of the lithosphere (Kooi et al., 1991) Stress relaxation in the lithosphere due to viscous creep of mantle material has also been incorporated into models (Zhou, 1993) . Modelling has shown that flow in the lower crust may fasciliate subsidence by a factor of 1.5-2, and cause and maintain uplift of rift shoulders (Burov and Cloetingh, 1997; Burov and Poliakov, 2001 ).
Brief geological and tectonic history of the North Atlantic region
Precambrian
The continental crust of the North Atlantic region is mainly of Precambrian age and some regions have an extensive Phanerozoic sedimentary cover (Gaal and Gorbatschev, 1987) . Maximum elevations occur in the central parts of Greenland where the ice cap reaches 3500 m a.s.l. although the bedrock itself is a few hundred metres below sea-level (Bamber et al., 2001 ). High exposed rock topography in the North Atlantic is found in the N2000 m peaks of the north and south Scandes in Norway, with steep slopes towards the coastline and gentle slopes toward the Fennoscandian inland areas (Holtedahl, 1953; Stuevold and Eldholm, 1996) . This asymmetric shape of the mountain range is a characteristic feature of the mountain ranges bordering the North Atlantic and Labrador Sea. In south Sweden the Precambrian basement is exposed in the South Swedish Dome (SSD) reaching 375 m a.s.l. (Lidmar-Bergström and Näslund, 2002) , spanning from lower Palaeozoic cover rocks in the north and east, and Mesozoic cover rocks in the south and west (Cederbom, 2002) .
Caledonian
Laurentia and Baltica collided during the Caledonian orogeny (500-400 Ma) and collision structures occur in a 200 km wide onshore zone in Greenland, Fennoscandia and the British Isles. The British Isles assumed their present geographic characteristics during the end of the Caledonian orogenic cycle when the Highland area was uplifted. At the present western Atlantic margin a similar development led to the formation of the Appalachian Mountains (Klitgord et al., 1988) .
Variscan -Cretaceous
The Trans-European Suture Zone (TESZ) marks the edge of accretion of terrains to the East European Craton during the Caledonian and Variscan orogenies (400-320 Ma) (c.f. Thybo et al., 2002) . The TESZ marks the SW boundary of the Proterozoic crustal domains of the Baltic shield and is characterized by a transition from thick (N40 km) Precambrian to thinner (28-32 km) Phanerozoic crust. The North Sea Basins formed during late Palaeozoic and Mesozoic subsidence which also thinned the Precambrian crust in the Tornquist Fan area (Thybo, 1997) .
Following the assembly of Pangea rifting characterized large parts of the North Atlantic. The Norwegian margin underwent a very long period of rifting which stepped progressively westward toward the axis of break-up in the early Eocene. Early Devonian extension was followed by Pangea's break-up, resulted in Permo-Triassic extension and rifting. This extensive Permo-Triassic rifting affected the inner Norwegian margin and North Sea (Bukovics et al., 1984; Odinsen et al., 2000) . The late Triassic to middle Jurassic was characterized by quiescence in the North Atlantic until the extensive late Jurassic-mid-Cretaceous rifting (Reemst and Cloetingh, 2000) , which is thought to have generated coeval offshore subsidence and onshore uplift (Scheck-Wenderoth et al., 2007) . This phase of rifting gave rise to the NE-SW trending structures characteristic of the NE Atlantic (Faleide et al., 2002) . By the late Jurassic, extension had largely ceased in the North Sea and was focused in the basins of the Proto-Atlantic (Rattey and Hayward, 1993) . By 170 Ma, oceanic crust was created in the Central Atlantic spreading system as the American plate separated from the African plate. Break-up was characterized by a northward propagation of the sea-floor spreading: from the Bay of Biscay-Labrador Sea in the late Cretaceous and to the separation of North America and Greenland from the Eurasian plate in the early Palaeogene, ca 53 Ma (Ziegler, 1988; Doré et al., 1999; Praeg et al., 2005) . The north-westward propagation of the spreading axis (Lundin and Doré, 1997; Doré et al., 1999 ) created a 200-800 km wide margin along the coast of Baltica (Stoker et al., 2005a) . In the North Sea, rifting and extension gradually ceased in the Cretaceous and were followed by subsidence centred on the Central Graben (Nielsen et al., 1986; Van Wijhe, 1987; Michelsen et al., 1998) .
Cenozoic
Basaltic magmas of the North Atlantic Igneous province (NAIP) formed during the opening of the North Atlantic in the PalaeoceneEocene, and were emplaced across a large area encompassing NW Europe, Greenland and Canada (Storey et al.,1998; Saunders et al., 2007) (Fig. 4a) . The igneous province formed in two phases: the first, at ∼62-59 Ma, included localised magmatism in the British Isles, SE and W Greenland, Baffin Island and possibly in central east Greenland, while the second, at ∼56.5-54 Ma, included magmatism at most of the passive margins of NW Europe and East Greenland (Saunders et al., 2007) . A major change in the plate motion of Greenland relative to North America occurred at the Palaeocene-Eocene transition which coincided with the onset of sea-floor spreading in the Norwegian-Greenland Sea (Roest and Srivastava, 1989; Faleide et al., 1993) . The early Palaeogene igneous activity resulted in widespread intrusive and extrusive magmatism (Doré et al.,1999) and thickening of the crust of the Greenland-Scotland ridge (Stoker et al., 2005a,b,c) . It has been suggested that the Iceland plume started crossing Greenland at ca 70 Ma and by 40 Ma had reached its east coast (Lawver and Mueller, 1994) .
The very existence of the Iceland "plume" is still the subject of debate. Some evidence suggests that the "plume" is a thermal anomaly which remains fixed to the plate motion, rather than fixed to the core-mantle boundary, and has been located at the plate boundary since its inception (Lundin and Doré, 2005) . This would explain why the Greenland-Scotland ridge is symmetric on both sides of Iceland and why it is not v-shaped, as it would be if it was reflecting the motion of the plates across a stationary plume. Lundin and Doré (2005) argue that there is no definitive evidence of a hotspot crossing Greenland and that volcanism during NAIP phase 1 probably resulted from a weak NE-SW extension. They suggest that break-up in the NE Atlantic occurred when spreading in the Labrador Sea was impeded by a hinge zone in the Canada Basin and instead exploited the weak Caledonian suture zone, as opposed to resulting from plume-related lithospheric weakening.
The west margin of Greenland developed during the Palaeogene by the opening of the Labrador Sea and Baffin Bay after Cretaceous-early Palaeocene rifting. Spreading slowed significantly during the middle Eocene and terminated completely during the Oligocene at which time Greenland became a part of the North American plate (Talwani and Eldholm, 1977; Roest and Srivastava, 1989; Srivastava and Keen, 1995) . Sea-floor spreading in the Labrador Sea caused compressional deformation and the onset of the Eurekan orogeny, the convergence of NW Greenland and Ellesmere Island (56 and 35 Ma) (de Paor et al., 1989; Roest and Srivastava, 1989 ). The timing is uncertain but kinematic models suggest that thrust faulting started in the Palaeocene and the main period of deformation was in the midEocene (Arne et al., 1998 (Arne et al., , 2002 .
In the Eocene, transpression between Greenland and Svalbard caused the culmination of the Spitsbergen orogeny (Steel et al., 1985) . Early Oligocene culmination of the Alpine Pyrenean orogeny was coeval with the slowing of sea-floor spreading in the Labrador Sea (Knott et al., 1993) . It was coupled with a significant change in the opening direction in the Norwegian Sea from NNW-SSE to NW-SE which has continued to the present day (Lundin and Doré, 2002) . It also terminated the Spitsbergen orogeny and the Eurekan fold and thrust belt became inactive (Faleide et al., 1993) . Rifting between the Barents Sea and NNE Greenland eventually connected the Arctic and North Atlantic oceans through the Fram Strait as Svalbard and Greenland separated (Lundin and Doré, 2002) . The Jan Mayen micro-continent separated completely from east Greenland as the Kolbeinsey ridge linked to the Mohns ridge north of Iceland in latest Oligocene-early Miocene (Vogt et al., 1980; Lundin and Doré, 2002) . The culmination of the Alpine orogeny occurred in the early to midMiocene (Knott et al., 1993) .
Cenozoic climate, sea-level and glaciation
Temperatures were at a maximum during the Palaeocene-Eocene thermal maximum (PETM). The greenhouse climate, which had prevailed since the Mesozoic, changed to an icehouse climate around the Eocene-Oligocene boundary (ca 34 Ma) (Zachos et al., 2001 ). Thereafter the sea-level was generally lowered, although fluctuating as a result of the growing and waning of ice caps. Sea-level fell markedly around the Palaeogene-Neogene transition (ca 23 Ma), due to the build up of ice caps Rasmussen et al., 2008) . This sea-level fall is also reflected by an increase of δ
18
O. The value of δ
O reflects the amount of the heavier isotope of oxygen in sea-water, which increases when large amounts of sea-water are trapped in ice caps. Another marked δ 18 O event, reflecting climatic deterioration and sea-level fall, occurred around the mid-Miocene (Miller et al., 1987; Zachos et al., 2001 ). The early Pliocene was characterized by a period of warmer climate, though sea-level fell again as the climate deteriorated toward the end of the Pliocene (Zachos et al., 2001 ). The first glacial influence on the Norwegian margin is thought to be contemporaneous with the onset of the major glaciation in the northern hemisphere at 2.74 Ma (Eidvin et al., 2000; Sejrup et al., 2005) . On Svalbard glacial influence is dated from 2.3 Ma while extensive shelf glaciation began at around 1.6-1.3 Ma (Sejrup et al., 2005) . The oldest till sampled on the mid-Norwegian shelf in the North Sea is dated to ca 1.1 Ma (Haflidason et al., 1991) . Repeated shelf-edge glaciations on the UK margin began ca 0.45 Ma (Sejrup et al., 2005) .
Cenozoic basin inversion and growth of anticlines in the North Atlantic region
In the late Cretaceous a prominent inversion phase affected large areas in the Alpine foreland (Ziegler, 1990) , the Fennoscandian Border Zone (Liboriussen et al., 1987; Norling and Bergström, 1987; Ziegler, 1990; Jensen and Schmidt, 1992; BABEL Working Group, 1993; Michelsen and Nielsen, 1993; Thybo, 2000 Thybo, , 2001 ) and the North Sea areas including the Sole Pit Basin (Van Horn, 1987a , Badley et al., 1989 . Mild inversion, however, appears to have occurred further north offshore Norway (Grunnaleite and Gabrielsen, 1995; Bjørnseth et al., 1997) . Simultaneous subsidence of the North German Basin has been explained by a flexural response to the same stresses (Marotta et al., 2000) .
Alpine tectonic quiescence characterized the latest Cretaceousearliest Palaeocene with renewed activity occurring in the middle Palaeocene during the Laramide deformational phase. Compressional deformation from this event is restricted to the alpine foreland and the North Sea (Ziegler, 1990; Clausen et al., 2000; Gemmer et al., 2003; de Lugt et al., 2003) . Mild inversion also occurred in the areas around the British Isles (Ziegler, 1990; Chadwick, 1993; Williams et al., 2005) . Mid-Eocene inversion and prominent late Eocene-early Oligocene and late Oligocene-Miocene inversion phases are also noted in the Alpine foreland, the North Sea and offshore Norway (Roberts, 1989; Ziegler, 1990; Chadwick, 1993; Murdoch et al., 1995; Bjørnseth et al., 1997; Clausen et al., 2000; de Lugt et al., 2003; Michon et al., 2003; Williams et al., 2005; Worum and Michon, 2005) . Compressional tectonic activity in the Alpine foreland continued intermittently throughout the Pliocene and Pleistocene and is still ongoing at the present (Ziegler, 1990; Cloetingh et al., 2006) .
Anticlines with little evidence of fault reactivation are characteristic features of the NE Atlantic continental margin . These are observed on the mid-Norwegian margin (Doré and Lundin, 1996; Vågnes et al., 1998; Doré et al., 1999; Lundin and Doré, 2002; Mosar et al., 2002; Stoker et al., 2005b) and in the Faroe-Shetland region Andersen, 1993, 1998; Ritchie et al., 2003 Ritchie et al., , 2008 . Many of these structures show evidence of a multi-stage history of uplift and often show strong association with NW trending transferzones (Doré and Lundin, 1996; Ritchie et al., 2008) . They vary substantially in size and shape although in the Norwegian area the largest are documented to be up to 200 km long and with a maximum structural relief of 1 km with a dominant N and NE trend (Doré and Lundin, 1996) .
The timing of the Cenozoic doming offshore Norway and in the Faroe-Rockall-Shetland area fits well with the apparent inversion trends (Ziegler, 1988 (Ziegler, , 1990 , with a growth event around the middle Palaeocene (Bøen et al., 1984; Hjelstuen et al., 1997; Andersen, 1993, 1998) , another around the late Eocene-early Oligocene (Larsen and Skarpnes, 1984; Andersen, 1993, 1998; Doré and Lundin, 1996; Hjelstuen et al., 1997; Vågnes et al., 1998; Lundin and Doré, 2002; Ritchie et al., 2008) and a third during the Miocene (Bøen et al., 1984; Andersen, 1993, 1998; Doré and Lundin, 1996; Hjelstuen et al., 1997; Andersen et al., 2000; Ritchie et al., 2003 Ritchie et al., , 2008 (Fig. 3) . The last two events are not always distinguished or interpreted as separate events but as semi-continuous doming from Eocene to Miocene (Hjelstuen et al., 1997; Vågnes et al., 1998; Gómez and Vergés, 2005) , and evidence suggests deformation may have occurred also in the Pliocene (Ritchie et al., 2008) . Norling and Bergström (1987) , Jensen and Schmidt (1992) , Michelsen and Nielsen (1993) (25) Bøen et al. (1984) (26) Larsen and Skarpnes (1984) (27) Doré and Lundin (1996) (28) Hjelstuen et al. (1997) (29) Price et al. (1997) . Orogenies references from Lundin and Doré (2002) . Time-scale after Berggren et al. (1995) . For locations see Coward et al. (2003) , Rasmussen et al. (2008) . References: Heller et al. (1982) , Brooks (1985) , Peulvast (1986) , Vorren et al. (1986) , Green (1989) , Vorren et al. (1991) , Lewis et al. (1992) , Joy (1992) , Ghazi (1992) , Stuevold et al. (1992) , White and Latin (1993) , Vågnes et al. (1992) , Reemst et al. (1993) , Faleide et al. (1993) , Turner and Scrutton (1993) , Saettem et al. (1994) , Jordt et al. (1995) , , , Scotchman and Thomas (1995) , Cunningham et al. (1996) , Riis (1996) , Liu and Galloway (1997) , Stoker (1997) , Blythe and Kleinspehn (1998), Jones (1999b) , Martinsen et al. (1999) , Brekke (2000) , Clausen et al. (2000) , Jordt et al. (2000) , Faleide et al. (2002) , Hall and Bishop (2002) , Hendriks and Andriessen (2002) , , Ren et al. (2003) , Holford et al. (2005b) , Wien and Kjennerud (2005) , and Persano et al. (2007) . (b) Eustatic sea-level curve of Haq et al. (1987) , and δ Coward et al. (2003) , Rasmussen et al. (2008) . References: Brooks (1985) , Nielsen et al. (1986) , Wood et al. (1989) , Green (1989) , Ghazi (1992) , Larsen and Marcussen (1992) , Jordt et al. (1995) , Scotchman and Thomas (1995) , Henriksen and Vorren (1996) , Liu and Galloway (1997) , Michelsen et al. (1998) , Clausen et al. (1999) , Hjelstuen et al. (1999) , Martinsen et al. (1999) , Thomson et al., (1999) , Andersen et al. (2000 Andersen et al. ( , 2002 , Clausen et al. (2000) , Hall and Bishop (2002) , Sørensen (2003) , Wien and Kjennerud (2005) , Bonow et al. (2006b) , Japsen et al. (2006) , Japsen et al. (2007) , and Jovilet (2007) , (e) Eustatic sea-level curve adapted from Stoker et al. (2005b) , and δ 18 O curve adapted from Zachos et al. (2001) .
pp 5. (a) . Compilation of studies reporting uplift and subsidence during the Miocene. Also includes studies constraining timing to be Neogene (red circle). References: Grant (1980) , Rundberg and Smalley (1989) , Ghazi (1992) , Jensen and Schmidt (1992) , Rohrman et al. (1995) , Henriksen and Vorren (1996) , Japsen (1997 Japsen ( , 2000 , Japsen (1998), Jones (1999a), Thomson et al. (1999) Rundberg and Smalley (1989) , Vorren et al. (1991) , Schmidt (1992, 1993) , Faleide et al. (1993) , Poole and Vorren (1993) , Reemst et al. (1993) , Saettem et al. (1994) , Jordt et al. (1995) , Rohrman et al. (1995) , Henriksen and Vorren (1996) , Riis (1996) , Liu and Galloway (1997) , Jones (1999b) , Chalmers (2000) , Hjelstuen et al. (1999) , Thomson et al. (1999) Fjellanger and Sørbel (2007) , and Smelror et al. (2007) . (e) Eustatic sea-level curve of Haq et al. (1987) , and δ 18 O curve adapted from Zachos et al. (2001) .
Timing of Cenozoic uplift around the North Atlantic
The major result of our study is a compilation of published data on topographic changes in the North Atlantic region during the Cenozoic and their comparative analysis. The results are presented in 4 time-slices; Palaeocene-Eocene, Oligocene, Miocene and Plio-Pleistocene. Since several techniques have been used in regional topographic studies (reviewed above) and certain methods may introduce bias in topographic change estimates, we show the results constrained by different methods by different colours.
Palaeogene (65-23 Ma)
5.1.1. Palaeocene-Eocene (65-35 Ma) (Fig. 4a) Palaeocene-early Eocene uplift has been suggested in many areas in the North Atlantic bordering the line of oceanic break-up: East Greenland (Brooks, 1985; Liu and Galloway, 1997; Dam et al., 1998) , northern Scotland (Watson, 1985; Hall and Bishop, 2002; Mackay et al., 2005) , the east Shetland platform (Wien and Kjennerud, 2005) and SE Ireland (Cunningham et al., 2003) . Robert and Knox (1996) suggest that Palaeocene uplift occurred in three phases in SE England, the first two related to Hebridean volcanic activity and the later coeval with the onset of north Atlantic rifting. Several authors suggest that the uplift of Norway and its margin, including offshore basins, was associated with the Iceland plume and/or rifting in the Palaeocene-early Eocene (Palaeogene) Stuevold et al., 1992; Ghazi, 1992; Nyland et al., 1992; Jordt et al., 1995 Jordt et al., , 2000 Riis, 1996; Liu and Galloway, 1997; Martinsen et al., 1999; Faleide et al., 2002; Japsen et al., 2002; Ren et al., 2003; Henriksen et al., 2005; Wien and Kjennerud, 2005) . Seismic and AFT data from the northern Scandes suggest a late Cretaceous or Palaeocene uplift (Peulvast, 1986; Hendriks and Andriessen, 2002) , while an Eocene event, coincident with the late rifting, cannot be ruled out (Vorren et al., 1986) . The bulk of Palaeogene sediments in the North Sea are derived from Scotland and the Shetland platform, not from Norway, which contradicts the uplift of Norway at this time (Stewart, 1987; ). However, rift-related uplift may have shifted drainage patterns and sediment transport routes (Fig. 4a) .
In the Barents Sea, localised uplift is suggested in the Palaeoceneearly Eocene (Vorren et al., 1991; Saettem et al., 1994) . Quantitative basin modelling of seismic profiles in the region supports a Palaeocene-early Eocene flank-related uplift (Reemst et al., 1993) and there is evidence for a later regional Eocene, perhaps as late as early Oligocene, uplift event (Nyland et al., 1992; Vågnes et al., 1992; Saettem et al., 1994 ). An Eocene event is also noted by apatite and zircon fission track data interpreted to be related to northward propagation of rifting (Blythe and Kleinspehn, 1998) .
Four sequence boundaries in the North Sea may be related to uplift of the northern North Sea, with the first phase in early Palaeocene and the second in the late Eocene (Jordt et al., 1995 . Further inboard of the line of oceanic break-up, uplift of the eastern margin of the North Sea occurred during the Palaeogene, with at least two recognized pulses in the late Palaeocene and in the Oligocene (Clausen et al., 2000) . A coeval Palaeocene phase of anomalous subsidence occurred in the central and northern North Sea (Joy, 1992; White and Latin, 1993; Hall and White, 1994; Kyrkjebø et al., 2000) .
In England, in the East Midlands shelf, AFT data identifies a cooling episode interpreted to result from uplift in the Palaeocene (ca 60 Ma) (Green, 1989 ) and a Palaeocene episode of uplift is also interpreted to have occurred in southern England (Jones, 1999a ,b, Blundell, 2002 , northwest England (Lewis et al., 1992) , the North Celtic Sea Basin (Murdoch et al., 1995) , the Slyne Trough (Scotchman and Thomas, 1995) and in the Irish Sea Basin (expressed as localised inversion and regional epeirogenic driven uplift) (Holford et al., 2005b) .
On the west coast of Greenland a Palaeocene phase of uplift was followed by rapid Eocene subsidence (Dam et al., 1998) as indicated by AFT, VR and geographical, and topographical landform analysis and related to activity to the Iceland plume . A phase of rapid regional anomalous subsidence during the Eocene is also proposed in the North Sea offshore SE England (Robert and Knox, 1996) , along the UK continental margin (Stoker, 1997) , on the eastern Scottish margin (Mackay et al., 2005) , offshore New Jersey and Florida (Heller et al., 1982) , and offshore the East coast of Greenland (Clift, 1996) . 5.1.1.1. Summary (Figs. 4a,c/6a ).
Regional uplift occurred in the Palaeocene-Eocene, preceded by a phase of uplift and anomalous subsidence in the North Sea region, and followed by regional anomalous subsidence in the Eocene.
Palaeocene-Eocene regional uplift was centred along the axis of break-up of the North Atlantic (Fig. 4a) , where mantle processes, riftflank uplift and magmatic underplating, may have contributed. The timing of uplift propagated northward with the rifting: the youngest phase occurs in the northern British Isles, a slightly later phase occurs along the Norwegian western margin, and the latest phase occurs in the Eocene in the far north of Norway and the Barents Sea region (Fig. 4c) .
Uplift inboard of the oceanic break-up axis is found on the British Isles. Unless the effects of rifting between Norway and Greenland propagated further inland from the axis of break-up, it is possible that uplift of Britain was related to magmatic processes associated with NAIP phase 1 or to the effects of the stresses that induced substantial inversion in the North Sea and around the British Isles during the middle Palaeocene.
Anomalous subsidence is noted in several areas during the Eocene: offshore Britain, the northern North Sea and offshore west Greenland (Fig. 4a) . The circular shape of this subsidence suggests the possibility of a source with a "radial" impact, such as the Iceland thermal anomaly (Fig. 6a) . Uplift in the Eocene is located mainly in the west Barents Sea and northern Norway and may result from the northward propagation of rifting between Norway and Greenland. Aside from uplift in the west Barents Sea and north Norway most evidence points towards the Eocene as a generally tectonic quiescent period. (Fig. 4d) Local highs in the Barents Sea; the Stappen and Loppa high, were uplifted in the Palaeocene-early Eocene (Vorren et al., 1991; Saettem et al., 1994) . However, evidence also supports that the Stappen high was uplifted during the Oligocene due to compressive stresses induced by the relative change in spreading between Norway and Greenland (Wood et al., 1989; Eidvin et al., 1993) .
Oligocene (35-23 Ma)
Large parts of southern Norway are thought to have been submerged in the early and middle Eocene (Jordt et al., 1995) . The offshore influx of coarse sediments from Norway during the Oligocene ) is seen as indicative of a substantial uplift of the area and has been interpreted as such by many authors (Rundberg and Smalley,1989; Jordt et al., 1995; Danielsen et al., 1998) . In the Norwegian Sea, a sedimentary sequence dated to 29-24 Ma may be the result of passive-margin uplift and increased continental erosion (Rundberg and Smalley, 1989) . Evidence, including prograding wedges offshore South Norway, is interpreted to reflect a phase of late Oligocene uplift of the Fennoscandian mainland (Ghazi, 1992; Jordt et al., 1995; Liu and Galloway, 1997; Martinsen et al., 1999; Clausen et al., 1999 ). An Oligocene age of major Scandinavian uplift, including the south Swedish dome (SSD) is also supported by multi-disciplinary studies (Clausen et al., 2000; Japsen et al., 2007) . A timing of ca 33 Ma is suggested and the new source terrain supply may be attributed to compressional tectonics, plate reorganizations and sea-level fall (Cloetingh et al., 1992; Liu and Galloway, 1997 ).
An Oligocene uplift event in the eastern North Sea is suggested (Clausen et al., 2000; Wien and Kjennerud, 2005) and the timing of exhumation is proposed to have started between ca 30 and 20 Ma. .
Although an Oligo-Miocene uplift event is proposed in central England its uplift and erosion was mild compared to the main phase in the late Cretaceous-early Tertiary (Lewis et al., 1992) . A similar midTertiary (ca 30-20 Ma) AFT-dated event is identified in England and suggested to correlate with the Oligocene movements in the southern North Sea (Van Wijhe, 1987; Van Hoorn, 1987a,b; Green, 1989) . Influx from uplift of the Shetland platform in the northwest into the North Sea in the latest Oligocene may also have occurred (Jordt et al., 1995) . In Scotland uplift may have occurred in several phases between late Palaeocene and late Oligocene (Watson, 1985) . AFT data constrains a widespread exhumation event in Scotland starting between 40 and 25 Ma (Jovilet, 2007) which may have continued into the late Neogene (Hall and Bishop, 2002) .
In West Greenland, a late Eocene-Oligocene uplift event constrained by AFT, VR and landform analysis is dated to start between 40 and 30 Ma Japsen et al., 2006; Bonow et al., 2006a, b) . From east Greenland geomorphological evidence suggests an uplift event centred around 35 Ma (Brooks, 1985) and AFT data constrain a cooling event starting between 40 and 30 Ma (Thomson et al., 1999) . Thomson et al. (1999) note that AFT-constrained cooling in NE Greenland, starting between 40 and 30 Ma, coincides with emplacement of major intrusive bodies. Thus this AFT event may be due to uplift and erosion related to stresses induced by the transfer of spreading from the Aegir to Kolbeinsey ridge north of Iceland, or to hydrothermal effects. This ridge-transfer was initiated in the late Eocene and final separation of Jan Mayen from Greenland occurred in the latest Oligocene-earliest Miocene. Coincident with this, the cessation of sea-floor spreading in the Labrador Sea in the Oligocene resulted in changes in North Atlantic spreading and changes in plate stress regime.
A post-Eocene-Oligocene age of Appalachian uplift is also proposed (Pazzaglia and Gardner, 1994; Prowell, 2006 ) and the timing is suggested to be ca 25 Ma (Dennison and Stewart, 2001 ).
Summary (Figs. 4c,d/6b).
The Oligocene is characterized by regional tectonic quiescence and local uplift occurring on the coasts of east and west Greenland, in the west Barents Sea and on Spitsbergen, and in the North Sea region and bordering margins.
In the latest Eocene-early Oligocene both coasts of Greenland were uplifted (Fig. 4d) . The timing coincides with slowing and cessation of sea-floor spreading in the Labrador Sea, and the ridge jump from the Aegir to Kolbeinsey ridge north if Iceland, and may have affected the margins of Greenland. A coeval phase of increased subsidence took place offshore the northeastern coast of Greenland which supports the possibility of flexural vertical movement induced by compression. Oligocene uplift of Scotland, offshore Ireland, England, the FaroeShetland area, southern Norway, parts of the Norwegian mainland and the South Swedish Dome (SSD) is also indicated. This phase of uplift occurs within an area affected by inversion and anticline growth, suggesting the possibility of a causal relationship (Fig. 6b) . The timing is under debate: two separate events, one in the late Eocene-early Oligocene and the other in the late Oligocene is possible (Fig. 4c) . It might also reflect a semi-continuous or pulsed deformation in several stages between the late Eocene and Miocene.
Some uplift probably also took place in the Barents Sea. Uplift in the Barents Sea region may be related to the Spitsbergen orogeny and/ or the change in opening direction of the Norwegian Sea. If this change in spreading direction is the causal mechanism of Oligocene uplift it is likely to have had a regional effect, affecting all margins along the spreading axis between Norway and Greenland.
Neogene (23-0 Ma)
Many studies propose that the Norwegian mainland was uplifted during the Neogene Schmidt, 1992, 1993; Riis, 1996; Japsen and Bidstrup, 1999; Lidmar-Bergström and Näslund, 2002; Faleide et al., 2002) although some authors propose it may have been initiated as early as the Oligocene (Nielsen et al., 1986; Stuevold et al., 1992; Stuevold and Eldholm, 1996; Michelsen et al., 1998; LidmarBergström et al., 2000) . AFT analysis and modelling suggest a Neogene uplift and erosion event of the southern Scandes interpreted to be a late Oligocene, possibly late Pliocene amplified, domal style uplift, of ca 1-1.5 km (Rohrman et al., 1994) . Few studies have been aimed at constraining timing of the uplift of the smallest Fennoscandian domal feature, the South Swedish Dome (SSD), although most of these studies agree that the SSD was uplifted during the Neogene (Japsen and Bidstrup, 1999; Lidmar-Bergström and Näslund, 2002; Graversen, 2002) . From compaction studies uplift of Denmark is also suggested to have occurred in the late Cenozoic (Japsen and Bidstrup, 1999) .
Early geomorphological analysis suggests that the elevated plateaus of Britain are largely a Neogene feature (George, 1966) and tectonic stimulated erosion in the Weald area also occurred during the Neogene (Jones, 1999a) . A tectonic Neogene event occurred in the NW British Isles (Mackay et al., 2005) and in the Channel area a significant cooling and exhumation event started around 20-0 Ma (Holford et al., 2005a ).
An uplift event identified in west Greenland is thought to be postearly Eocene and is most probably of Neogene age (Chalmers, 2000) . Along the northeastern coast of Greenland a km-scale denudation event is constrained to occur during the Neogene (Johnson and Gallagher, 2000) .
Accelerated erosion on the Northwest Atlantic margins in the Miocene and late Miocene/Plio-Pleistocene respectively is attributed to climactic changes (Boettcher and Milliken, 1994; Royden and Keen, 1980) . There is not enough evidence to conclusively tie the timing of possible uplift events of the NW Atlantic to the NE Atlantic. The coinciding increase in erosion of the NW Atlantic margins in the late Miocene-Plio-Pleistocene however, suggests a large scale regional/ global control of erosion at the time.
5.2.1. Miocene (23-5 Ma) (Fig. 5a) Uplift of the shelf area of Norway is suggested to have occurred in early Miocene time (Henriksen et al., 2005) . Early Miocene tectonic deformation also caused inversion in southern England (Jones, 1999b) . Uplift of southern Norway is suggested to have occurred during the mid-Miocene (Rasmussen, 2004; Rasmussen et al., 2008; Eidvin et al., 2007) and an unconformity in the North Sea, dated to the midMiocene, corresponds to uplift in the northern North Sea (Jordt et al., 1995 . A mid-Miocene compressional phase is also interpreted from the Faroe region (Booth et al., 1993; Andersen et al., 2000 Andersen et al., , 2002 Sørensen, 2003) and on the Greenland-Scotland Ridge (Wright and Miller, 1996) (Fig. 5a) .
On the western North Atlantic margins a phase of anomalous subsidence at the end of the early Miocene is noted in the two wells offshore New Jersey (Heller et al., 1982) . A phase of anomalous subsidence is also proposed in the Labrador Sea during the late Miocene (Grant, 1980) . The 1600 m high peneplain on the Labrador Peninsula (Ambrose, 1964 ) is speculated to be the result of uplift in the late Miocene in conjunction with an erosion event in the Labrador Sea (Grant, 1980) .
On the northeastern coast of Greenland an event in early Miocene and one in latest Miocene-earliest Pliocene is suggested (Hamann et al., 2005) . On the southeast coast of Greenland a single cooling event is proposed to have occurred in the late Miocene (10-5 Ma) (Thomson et al., 1999) . Two Neogene cooling events are proposed in west Greenland starting ca 11-10 Ma and 7-2 Ma (Japsen et al., , 2006 . A study of erosion surfaces in the same area of west Greenland identifies two Cenozoic planation surfaces which may correlate with the two cooling events (Bonow et al., 2006a,b) .
AFT analysis reveals a Miocene period of accelerated unroofing in the Appalachians attributed to the effect of climatic changes (Boettcher and Milliken, 1994) . The longevity of the Appalachians is suggested to be due to continuous isostatic adjustment to denudation, which has remained constant since tectonic activity ceased. (Matmon et al., 2003a,b) .
5.2.1.1. Summary (Figs. 5a,c/6c) .
The Miocene is characterized by regional tectonic quiescence. Local uplift occurred on the SW and NE coasts of Greenland and in the North Sea region and bordering margins.
Only few events are constrained to be Miocene in age, instead many authors note a less time-constrained Neogene event. AFT/VR data supported by geomorphological analysis suggests uplift of the west coast of Greenland, and the far northeastern coast of Greenland (Fig. 5a ). This latter event may be related to the separation of Svalbard and Greenland. On the west European margin regions, uplifting in the Miocene include Scotland, the northern North Sea, the mid-Norwegian margin, the Norwegian mainland, and the eastern North Sea and Denmark. As for the Oligocene, this area coincides with an area of inversion and compressional doming (Fig. 6c) . Inversion during this time is, however, centred mainly in the North Sea and the British Isles and Channel area.
5.2.2. Plio-Pleistocene (5-0 Ma) (Fig. 5d) The late Neogene sedimentary wedges resulting from large amounts of erosion during the late Pliocene-Pleistocene is interpreted to reflect a prominent phase of late Neogene uplift in the Barents Sea region (Vorren et al., 1991; Saettem et al., 1994; Ryseth et al., 2003) . Apatite and zircon fission track data identify a rapid post-5 Ma cooling phase on Svalbard which has been attributed to the erosional response of glaciation (Blythe and Kleinspehn, 1998) . There is debate as to whether glacial erosion can account for all of the observed uplift due to isostatic compensation (Eidvin et al., 1993) or if there is need for a tectonic component of uplift (Vågnes et al., 1992) . Basin modelling supports a recent uplift event related to increase in compressive stress (Reemst et al., 1993) .
Early studies suggest a late Cenozoic age of uplift of the southern Scandes (Rokoengen and Ronningsland, 1983) . Analysis of provenance studies and stratigraphy suggest that a significant uplift of the Norwegian mainland occurred in the late Miocene-early Pliocene . Uplift of Norway occurring in the late Miocene and PlioPleistocene is supported by several other authors (Poole and Vorren, 1993; Jordt et al., 1995; Liu and Galloway, 1997; Henriksen et al., 2005; Wien and Kjennerud, 2005) and is constrained to occur ca 4 Ma (Evans et al., 2000; Japsen et al., 2007) . This late Cenozoic uplift may be a response to isostatic adjustment following dissection of the elevated peneplain .
A post-2 Ma uplift event of between 250 and 400 m is suggested for southern England (Jones, 1999b) , and support exists for a late uplift event in this area (Blundell, 2002) . Study of the UK Atlantic margin and the northern North Sea supports a Neogene uplift event occurring around the latest Miocene-early Pliocene and middle Pliocene uplift along the Greenland-Scotland ridge is also suggested (Wright and Miller, 1996) .
There are prograding wedges on the western margins of the Labrador Sea revealing an increase in sedimentation rate during the late Miocene-Plio-Pleistocene (Grant, 1980; Royden and Keen, 1980; Gradstein et al., 1990) . Given the lack of evidence of tectonic movement, these wedges are thought to be related to glaciation (Royden and Keen, 1980) . A ten-fold increase in subsidence relative to Tertiary rates is observed in the southern North Sea, prior to the onset of Pliocene glaciation (Kooi et al., 1991 ). An anomalous increase in subsidence is also noted offshore Norway and offshore the west Atlantic margins synchronous with the anomalous subsidence in the North Sea (Cloetingh et al., 1990 (Cloetingh et al., , 1992 .
The cause of the late Neogene uplift and shelf progradation has been discussed by several authors (Riis, 1996; Doré et al., 2002; Ebbing and Olesen, 2005) . The areas around the North Atlantic which appear to have been subjected to substantial uplift are characterized by variable tectonic settings: intracratonic basins, passive margins and shear margins (Barents Sea and Svalbard). Thus the traits they share, such as being subject to the effects of climate change, are important (Jensen and Schmidt, 1993) . Calculations indicate that isostatic adjustment would compensate for ca 0.8 of the mean amount of denudation and that the ca 200 m sea-level fall since mid-Eocene would have maintained the mean elevation of the uplifted peneplain . On the contrary Neogene uplift of passive margins on unglaciated margins such as Africa, India and Australia has occurred and therefore questions the contribution of the glacial component (Lidmar-Bergström et al., 2000) . The prograding wedges offshore the British Isles were initiated before extensive shelf glaciation . This suggests a phase of uplift was initiated before isostatic rebound induced by erosion occurred. However, shelf glaciation is not necessary to induce climatic driven erosion.
Summary (Figs. 5c,d/6d).
A second phase of regional uplift occurred in the Plio-Pleistocene affecting almost all margins bordering the North Atlantic. The large regional extent of this uplift suggests that glacial erosion and rebound could play an important role, and the importance of a tectonic component is uncertain. Anomalous subsidence is also documented in many wells but given the uncertainties associated with backstripping, this might be the effect of the substantial increase in sedimentary load.
Amplitude of uplift and erosion
6.1. Cenozoic (65-0 Ma) -Summary (Fig. 7) Areas of maximum total Cenozoic uplift/erosion were centred in Scotland (Hall and Bishop, 2002) , the south Scandes, the north Scandes (Lofoten area) (Riis, 1996) , and Svalbard. On the east Greenland coast estimates of uplift vary from between ca 1 and 3 km with maximum erosion of up to 6 km (Christiansen et al., 1992; Clift et al., 1998; Mathiesen et al., 2000) . Erosion of 4 km and uplift of the order of 1-2 km is documented in the Barents Sea region (Richardsen et al., 1993; Cavanagh et al., 2006) . AFT data suggests up to 2-3 km of uplift of the Norwegian mainland , in agreement with graphical reconstructions and mass balance suggesting a maximum of ca 2 km (Riis, 1996) . Fig. 7 reveals a pattern where uplift increases northward across the British Isles but the magnitude varies even over short distances (e.g. Jones, 1999b; Lewis et al., 1992; Clift et al., 1998; Mackay and White, 2006) . Backstripping suggests that maximum anomalous Cenozoic subsidence occurred offshore the British Isles in the Rockall area (Stoker et al., 2005b) .
6.2. Palaeogene (65-23 Ma) -Summary (Fig. 8) Only few studies of the magnitude of Palaeogene uplift exist. AFT and VR data suggest ca 2 km of uplift on the British Isles (Green, 1989) , 0.3-1 km uplift in the northern North Sea (Hall and White, 1994; Mackay et al., 2005) and maximum uplift of Fennoscandia in the Northern Scandes of ca 1200 m, a value which corroborates with morphological studies (Fig. 8) . NAIP phase 1 uplift was minor (a few hundreds of metres) and localised within a few hundred kilometres of the igneous outcrops offshore west Greenland and in the southern British Isles. The uplift associated with NAIP phase 2 was regional, covering an area with a diameter of several thousand kilometres and generating uplift of up to 2 km along the incipient break-up axis and the margins of east Greenland, the British Isles and Norway. Peak uplift occurred just prior to the Palaeocene-Eocene boundary ca 55.8 Ma (Saunders et al., 2007) . 6.3. Neogene (23-0 Ma) -Summary (Fig. 9) Zero uplift occurred in the Central Graben area of the North Sea and ca 1 km uplift occurred in Scotland and England (possibly less in England) as well as across Denmark, increasing to a maximum around 1-1.5 km in the South Scandes and the South Swedish Dome (e.g. Green, 1989; Rohrman et al., 1995; Hansen, 1996; Japsen, 1997 Japsen, , 1998 Japsen and Bidstrup, 1999) . 1 km of uplift is also suggested in the Lofoten area in northern Norway, Bjornøya in the Barents Sea, and Svalbard (Fig. 9) . However, some evidence points towards a diminishing uplift northward across Fennoscandia. In Greenland uplift may have been greater in magnitude, up to 2-3 km (e.g. Larsen and Marcussen, 1992; Chalmers, 2000; Japsen et al., 2005) .
Discussion
Suggested causes for uplift around the North Atlantic in the Cenozoic
Mantle dynamics
Many authors suggest a causal relationship between the interpreted uplift in the Palaeogene and the impingement of the strongly debated Iceland plume (Stuevold and Eldholm, 1996; Chalmers, 2000; Jones et al., 2002; Sørensen, 2003) . Modelling suggests that plume-lithosphere interactions can cause melting, uplift and subsidence around the cratonic margins (Burov et al., 2007) . and Nadin et al. ( , 1997 relate Palaeocene uplift in the North Sea and the subsequent anomalous Eocene subsidence to activity of the Iceland Plume which was located 700-900 km away from the area in the early Tertiary. A relationship between uplift and transient movements related to regional dynamic variations above a plume head is supported by White and Lovell (1997) and Jones et al. (2002) .
Magmatic underplating as a cause for Palaeogene uplift is supported by many studies given the timing of the impingement of the plume and its regional applicability (Brodie and White, 1994; Clift et al., 1998) . Underplating can generate km-scale vertical movements, e.g. 0.6 km uplift for 5 km underplate (Brodie and White, 1994) . There is, however, a puzzling lack of evidence of igneous activity in most areas of significant uplift, most notably in Norway where the closest Eocene magmatic activity was located 300-400 km offshore (Rohrman et al., 2002; Praeg et al., 2005) . Differences in mantle density between the cratonic and the oceanic lithosphere may further contribute to differential topographic changes, in particular a compositional subsidence after thermal uplift can occur when fertile mantle from mantle upwellings interacts with depleted cratonic lithosphere. Praeg et al. (2005) suggest that the observed succession of tiltingsagging-tilting along the NW European Atlantic margin is the result of episodic evolution of upper mantle convection during ocean opening. They propose that the underlying cause may be plate reorganizations.
Uplift may be caused by convection and rising asthenosphere generated by a thermal instability between the Fennoscandian mainland and the Norwegian-Greenland Sea which caused secondary convection in the sub-lithospheric mantle (Peulvast, 1986; Stuevold et al., 1992; Vågnes and Amundsen, 1993) . Stuevold et al. (1992) and Stuevold and Eldholm (1996) support a thermal origin for the uplift, either in conjunction with the onset of small-scale shallow convection beneath the Caledonide-Baltic Shield transition in combination with pre-Tertiary variations in lithospheric thickness relief, or through enhanced flux from the Iceland plume.
The model of asthenospheric diapirism is based on the RayleighTaylor instability and considers the 'domal' features surrounding the north Atlantic margins. It implies that a diaper is generated when an unusually hot "Icelandic" asthenosphere meets cold (higher viscosity) cratonic lithosphere. The lack of volcanism at the "domes" in Norway is attributed early stages of diapirism and too low magma velocity to cause surface volcanism (Rohrman and van der Beek, 1996) . Diapirism in itself can generate transient uplift and partial melting might generate an underplate leading to a permanent uplift (Rohrman and van der Beek, 1996) . The model is successful in explaining the 95 I. Anell et al. / Tectonophysics 474 (2009) 78-105 Fig. 7 . Estimates of magnitude of Cenozoic uplift and erosion. References: Christiansen et al. (1992) , Lewis et al. (1992) , Bray et al. (1992) , Richardsen et al. (1993) , Hillis (1995) , Doré and Jensen (1996) , Evans (1997) , Clift et al. (1998) , Mathiesen et al. (2000) , Green (2002) , Ware and Turner (2002) , Ceramicola et al. (2005) , Redfield et al. (2005) , MacKay and White (2006) , Cavanagh et al. (2006), and Jovilet (2007) . seemingly equidistant emplacement of uplift centre of ca 900 km between presumed diapers (Gabrielsen et al., 2005) . Gabrielsen et al. (2005) argue that Neogene uplift of the northern Scandes cannot be attributed to mantle convection, or to a Rayleigh-Taylor instability, and propose rift-shoulder uplift or isostatic compensation after glacial erosion as major causes of uplift in Fennoscandia.
Plume emplacement may have caused partial lithospheric delamination, which generated transient surface uplift . Both delamination and diapirism models can explain offshore subsidence by mantle flow (Rohrman et al., 2002) but if a late Cenozoic event of uplift is correct, these models would rely on the unlikely event that that impingement of the Iceland plume was delayed until N30 Ma after the initiation of sea-floor spreading .
Compressive stresses-intraplate stress driven flexure
The observation of synchronous onshore uplift and increased offshore subsidence around the North Atlantic margins has lead to the suggestion of a flexural mechanism driven by intraplate stress (Cloetingh et al., 1990; Cloetingh and Kooi, 1992a,b) . Compressive stress induced on a thermally subsiding basin will cause flank uplift and deepening of the basin centre (Van Wees and Cloetingh, 1996) . This flank uplift may cause an increase in sedimentation rate. Stress can be propagated over large distances; Pollitz (1988) suggests that changes in plate directions and rates may even affect the global stress field. Cloetingh et al. (1990) explain the increase in subsidence in the late Neogene around the North Atlantic as the result of one or several plate tectonic episodes: (1) the reorganization of the Atlantic spreading centre at ca 2.5 Ma (Klitgord and Schouten, 1986) , (2) the climax in compressional tectonics in the Arctic of northern Alaska and northern Canada at 6 Ma, possibly connected to the formation of an incipient convergent plate boundary (Hubbard et al., 1987) or (3) episodicity in plate motions associated with changes in the Atlantic and Pacific plates at ca 9 Ma and 4 Ma (Pollitz, 1986 (Pollitz, , 1988 . Jensen and Schmidt (1993) suggest that Neogene uplift was initiated in the Oligocene in relation to horizontal intraplate stress and ridge-push during the change in plate motion around 35 Ma, as well as supported by isostatic compensation. In the Irish Sea Basin it has been suggested that compressional shortening is the principal mechanism responsible for kilometre scale Neogene exhumation (Holford et al., 2008) .
Based on a study of the size and magnitude of the epeirogenic uplifted anticlinal domes on the Norwegian margin, Lundin and Doré (2002) do not support an intraplate deformation phase as the main reason for the uplift in the Neogene. Flexure alone cannot generate tectonic (as opposed to surface) deflections of several kilometres or produce differential subsidence of short wavelength (Rohrman et al., 1995; Japsen and Chalmers, 2000; Praeg et al., 2005) . For a uniform elastic lithosphere, modelling suggests that compressional deflections can only cause a few hundreds of metres of vertical movement (Cloetingh et al., 1985; Nielsen et al., 2002) . However, it has been demonstrated that a more realistic brittle-ductile rheology may lead to substantially larger (up to several kilometres) vertical movements, (Cloetingh et al., 1989) .
7.1.3. Tectonically 'passive' mechanisms 7.1.3.1. Isostatic rebound.
Glacially derived sediments form a significant component of the Pliocene prograding wedges (Eidvin et al., 2000; . The Neogene development of the North Sea Basin margins was proposed to be caused by glacio-isostatic erosional rebound and eustatic sea-level change without invoking a tectonic component (Nielsen, 2002) . Isostatic rebound, for example, has been estimated to raise mountain summits in South Norway by as much as 800 m and may be the main mechanism for the late Neogene uplift. Isostasy may account for all uplift observed in Svalbard (Blythe and Kleinspehn,1998) . However, isostatic rebound may be only a sustaining factor as opposed to an initiating factor (Stoker et al., 2005a ). This conclusion is based on the inability of rebound to produce domal uplift as in the southern Scandes. Glacio-isostasy is thought to enhance the pre-existing topography but not to explain it . 7.1.3.2. 'Self-perpetuating' passive model -Isostatic balancing of Palaeogene tectonic uplift.
The 'self-perpetuating' model suggests uplift is driven by erosion of Palaeogene (or earlier) uplift and isostatic balancing (Doré, 1992) . Arguments against a 'self-perpetuating' passive model (summarised by Huuse, 2000) include episodic sediment supply suggesting periods of uplift (Doré, 1992; Stuevold and Eldholm, 1996) , although such periodic variations could be due to eustatic sea-level change and climatic changes. Rift-related uplift cannot account for observed uplift south of Norway and in the Danish area, but significant uplift did occur here in relation to inversion of the Sorgenfrei-Tornquist zone (Huuse, 2000) .
Phase changes.
Most of the uplift of Fennoscandia and the Barents Sea may have been caused by Plio-Pleistocene isostatic adjustments to glacial erosion, but it may also require contribution from another factor such as mantle phase changes caused by the erosional unloading (Riis and Fjeldskaar, 1992) . Peridotite hydration at the landward termination of transform facture zones could be the driving force behind the uplift and the accelerated subsidence. Phase transformation could cause a density decrease but this mechanism was found insufficient to account for widespread uplift (Skelton and Jakobsson, 2007) . Gabbro-eclogite transitions might be responsible for the anomalous Cenozoic subsidence observed in the Danish Central trough (Vejbaek, 1992) . Modelling has shown that syn-rift uplift of References: Green (1989) , Hall and White (1994) , , , Scotchman and Thomas (1995) , Lidmar-Bergström et al. (2000) , Holford et al. (2005b) , Mackay et al. (2005) , and Saunders et al. (2007). sedimentary basins which have experienced large stretching can be accounted for by the formation of plagioclase-peridotite (Simon and Podladchikov, 2008) .
Local vs. regional uplift in the Cenozoic
Compression and basin inversion along the NW European Atlantic margin, from offshore the UK margin to the Barents Sea (Vågnes et al., 1998) , provide evidence on the timing and genesis of localised uplift. Local inversion and regional uplift are likely to have similar effects on exhumation and erosion. Thus it is important to constrain local uplift in order to isolate regional uplift.
7.2.1. Cenozoic basin inversion in the North Atlantic Fig. 3 shows that the basins in the offshore Alpine foreland and surrounding areas of the NW European Atlantic margin have been subjected to several inversion episodes since the late Cretaceous: late Cretaceous, middle Palaeocene, late Eocene-Oligocene and Miocene (Ziegler, 1990) . The inversion occurs in response to alpine deformation and the magnitude of inversion decreases away from the Alpine collision foreland (Ziegler, 1990) . Other studies, however, suggest an opposite trend, with maximum inversion of up to 3 km in the East and Central Irish Sea and the Carlisle Basin, and decreasing southward (Holliday et al., 2004; Holford et al., 2005b) . Removal of the observed amount of sediments (ca 3 km) from a 100 km wide basin would require N15 km of shortening, while only minor shortening is observed. This suggests that exhumation increases northwards contrary to compression and suggests that basin inversion is the result of regional underplating and uplift which were induced by the Iceland thermal anomaly (Brodie and White, 1994) .
Cenozoic compressional domes in the North Atlantic
A series of compressional structures has been identified along the NW European Atlantic margin, mainly located within the Vøring Basin and the Faroe-Shetland Basin . They represent a shortening of less than 2-3% (Vågnes and Amundsen, 1993) but on the UK continental margin attain vertical amplitudes of 2-4 km (Johnson et al., 2005) . These domes may be caused by compression during the transfer of the Jan Mayen microplate from Greenland to Europe during a change in the relative plate motion around 35 Ma (e.g. Doré and Lundin, 1996; Doré et al., 1999) . However, they may be the result of far-field stress from the Alpine orogeny (Vågnes et al., 1998) , ridgepush, mantle drag, effects of plate reorganization, changes in spreading rates or mantle plumes . Ridge-push as a principal factor is strengthened by the observation of compressional folds in East Greenland (Price et al., 1997) which cannot be Fig. 9 . Estimates of magnitude of Neogene uplift and erosion. References: Green (1989) , Vågnes et al. (1992) , Larsen and Marcussen (1992) , Rohrman et al. (1995) , Stuevold and Eldholm (1996) , Blythe and Kleinspehn (1998), Jones (1999b) , Chalmers (2000) , Johnson and Gallagher (2000) , Green (2002) , Japsen et al. (2005) , Bonow et al. (2006b) , and Fjellanger and Sørbel (2007). coupled to stresses originating from the Alpine orogeny. However, factors other than thermal subsidence and differential compaction may be irrelevant as a genetic mechanism for dome formation (Kjeldstad et al., 2003) . Recent suggestions include a horizontal force driven by the formation of the Iceland insular margin, which might be able to explain the periodicity of anticline growth (Doré et al., 2008) . However, recent studies suggest that the spatial and temporal variations in growth patterns mitigate a single regional driving mechanism (Ritchie et al., 2008) .
The exact timing of inversion and growth of anticlines is unsure. It is possible that inversion and anticline generation occurred in distinct separate phases, but semi-continuous deformation throughout the Cenozoic is also possible. It seems plausible that inversion and compression are the direct result of the NW Atlantic margin being locked between a collision zone and an active spreading centre (Doré and Lundin, 1996) . If the Iceland thermal anomaly has been a driving agent in regional uplift in the North Atlantic, it may have caused or enhanced the inversion. This would explain why inversion magnitude is greater further from the Alpine foreland. It is also likely that inversion-driven exhumation and regional uplift-driven exhumation can easily be misinterpreted and mistaken for one another.
Uplift, subsidence and compressional tectonics
Geodynamic modelling suggests that compressional deflections can reach a few hundreds of metres . A few hundred metres enhanced by increased erosion generated by a climatic shift and/or a eustatic sea-level fall can create a feedback loop with isostatic compensation (Fig. 2) . Molnar and England (1990) suggest sudden decreases in temperature in the early Oligocene and around the mid-Miocene (Figs. 4b, 5b) . The early and late Oligocene also sees δ
18
O increases and a drop in eustatic sea-level, most marked towards the end of the Oligocene (Fig. 4e) Zachos et al., 2001) . Increases in δ
O are associated with periods of increased glaciation, and therefore indicators of climactic deterioration. Thus, uplift of onshore areas in and around the British Isles, North Sea and southern Fennoscandia in the Oligocene and Miocene combined with climatic cooling and a sea-level fall might have been sufficiently significant to generate the sedimentary and erosional response noted, and might thus explain the observed uplift at this time. 3D flexural modelling suggests compression can also account for up to 700 m of accelerated subsidence in the North Sea (Van Wees and Cloetingh, 1996) , and may thus be the driving mechanism of the late Neogene increased subsidence.
Norway is characterized by an asymmetric mountain chain with two areas of high elevation: the northern and southern Scandes (NS and SS). Various studies have suggested that the two areas have different geological histories (Rohrman et al., 1995; Hendriks and Andriessen, 2002; Lidmar-Bergström and Näslund, 2002) . The southern Scandes has experienced a 'domal' form of uplift (Rohrman et al., 1995) , while uplift in the northern area shows a more continuous cooling history, possibly enhanced in the Neogene, which could be explained by scarp-retreat of an uplifted rift flank (Hendriks and Andriessen, 2002) . However, there is controversy over the extent of the "domal" shape of the SS. Long topographic cross sections perpendicular to the COB show that long-wavelength asymmetry persists also in southern Scandinavia ). It appears, though, that the NS are considerably more dissected than the SS which indicates an earlier main phase of uplift (Lidmar-Bergström and Näslund, 2002) . This may indicate that the NS were uplifted during the opening of the Norwegian-Greenland Sea and elevated References : Cloetingh et al. (1990) , Cloetingh and Kooi (1992a,b) , Riis and Fjeldskaar (1992) , Vågnes and Amundsen (1993) , , Nadin et al. ( , 1997 , Rohrman and van der Beek (1996) , Stuevold and Eldholm (1996) , White and Lovell (1997) , Chalmers (2000) , Japsen and Chalmers (2000) , Huuse (2000) , Doré et al. (2002) , Jones et al. (2002) , , Lundin and Doré (2002) , Nielsen et al. (2002) , Sørensen (2003) , Gabrielsen et al. (2005) , Praeg et al. (2005) , and Burov et al. (2007) .
isostatically in the late Neogene, whereas the Oligocene and Miocene uplift events did not have an effect this far north. This strengthens the theory of a causal relationship between Oligocene and Miocene uplift and compressional tectonics.
Uplift and stratigraphy
A unified stratigraphic framework has been correlated across the NW European Atlantic margin from the Lofoten islands in the north to the SW coast of Ireland. There are four regional unconformitybounded successions, termed mega-sequences, referred to as the lower and upper Palaeogene and lower (Miocene-early Pliocene) and upper (early Pliocene-Holocene) Neogene. These are bounded by the base Palaeogene (BPU), the upper Eocene unconformity (UEU, ca 34 Ma), the base Neogene unconformity (BNU) and the intra-Pliocene unconformity (IPU, ca 4 Ma) (Stoker et al., 2005a ,b,c, Ceramicola et al., 2005 . Given the regional extent of the bounding unconformities, they are assumed to reflect plate-wide tectonically driven changes in sedimentary, oceanographic and latterly climactic evolution of the region (Stoker et al., 2005b) . There are also two significant yet more localised unconformities; the intra-Miocene (IMU) and intra-Pleistocene (glacial) (GU) unconformities. Several of these sequence boundaries can be traced into the North Sea. A near-top Oligocene and a mid-Miocene unconformity are found in the North Sea (Huuse and Clausen, 2001 ). The near-top Oligocene could correlate with the base Neogene unconformity, thus indicating that the effects of this regional event also affected the North Sea area.
The BPU is of middle Palaeocene age and marks onset of progradation and uplift of the hinterland (Stoker et al., 2005a,b,c) consistent with regional late Palaeocene-early Eocene uplift. The UEU marks a change in sedimentation consistent with a rapid increase in subsidence which suggests the Eocene anomalous subsidence phase may have occurred towards the end of the Eocene. The UEU might also mark the onset of the compressional/inversion event in the late Eocene-Oligocene, which coincides with the marked change in spreading direction around 35 Ma. The BNU and IMU are interpreted to record responses to compressive tectonism (Stoker et al., 2005a) . Miocene inversion and compressional doming correlates with the IMU and the late Oligocene event may correlate with the BNU. The IPU coincides with a rapid increase in subsidence and the outbuilding of prograding wedges (Stoker et al., 2005a) .
Summary
The topographic evolution of the North Atlantic region is controversial. No single method or observation can fully constrain the timing, magnitude or cause of any uplift events in the North Atlantic region (Table 2 ). It is likely that the uplift evolution of the area is the result of superposition of a number of geodynamic mechanisms. In the following we summarise the major trends of uplift and subsidence of the North Atlantic region during the Cenozoic:
1. Palaeocene-Eocene rift-flank uplift along the axis of break-up propagated northward during opening of the Norwegian-Greenland Sea and created the asymmetry of the mountain ranges. Uplift associated with thermal effects and underplating in connection with NAIP phase 2 is also significant. The magnitude of this uplift event was of the order of 1-2 km. This regional uplift event is most likely marked by the regional base Palaeogene unconformity (BPU). It was preceded by localised uplift and over-deepening of basins in the North Sea and bordering areas occurred in the middle Palaeocene. This was possibly associated with volcanism of the NAIP phase 1 and Alpine deformation. 2. Rift-flank uplift of the west coast of Greenland probably occurred in response to late Cretaceous-early Palaeocene rifting in the Labrador Sea. Localised uplift associated with NAIP phase 1 may also have occurred in the vicinity of the igneous centres on the west coast of Greenland. 3. A phase of regional anomalous subsidence occurred offshore the British Isles, in the North Sea, offshore Norway and offshore the west coast of Greenland in the Eocene. It occurs in a circular shape which suggests the possibility of a causal relationship to waning of the Iceland thermal anomaly. 4. Late Eocene-early Oligocene uplift occurred on the northwest and central east coasts of Greenland. This uplift event is possibly associated with cessation of sea-floor spreading in the Labrador Sea and the stresses induced as spreading north of Iceland slowly shifted from the Aegir to Kolbeinsey ridge. Intrusive activity may have affected uplift on the eastern coast of Greenland. 5. Some localised uplift could have occurred in the Barents Sea during the Oligocene, possibly in relation to the west Spitsbergen orogeny, propagation of rifting and/or the change in plate motion between Norway and Greenland. 6. Uplift or pulses of increased erosion and exhumation occurred in the Oligocene, possibly both early and late, and around the midMiocene, although a semi-continuous event amplified by climatic and eustatic sea-level changes cannot be ruled out. Localised and smaller-scale uplift occurred onshore and offshore the British Isles, Faroe-Shetland region and southern Fennoscandia and may be related to phases of Alpine deformation and changes in spreading dynamics. The upper Eocene unconformity (UEU), base Neogene unconformity (BNU) and intra-Miocene unconformity (IMU) may mark the onset of these events. However, the UEU may instead mark the onset of the phase of Eocene anomalous subsidence. 7. In the Plio-Pleistocene most land areas within the North Atlantic region and the Barents Sea shelf were uplifted. Peak elevation through glacial rebound amplifying pre-existing topography is an important contribution to the uplift. However, the significance of tectonic deformation cannot be concluded. The magnitude of this uplift event is likely to have been ca 1 km.
Conclusions
• Regional uplift occurred in the Palaeocene-Eocene. This was probably related to the break-up between Europe and Greenland and the timing of uplift propagated northward. This major regional event was preceded by phase of middle Palaeocene uplift and anomalous subsidence of the North Sea and surrounding areas.
• A regional increase in subsidence occurred in the offshore marginal areas of west Greenland, the northern British Isles and North Sea and Norway in the Eocene.
• The Oligocene and Miocene were characterized by regional tectonic quiescence but localised uplift occurred. This uplift was possibly related to compressional tectonics and changes in spreading dynamics in the North Atlantic region.
• Regional uplift affecting all studied marginal areas occurred in the Plio-Pleistocene, and may be ongoing at present.
